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Phased Array Ghost Elimination (PAGE) for Segmented
SSFP Imaging With Interrupted Steady-State

Peter Kellman,” Michael A. Guttman, Daniel A. Herzka, and Elliot R. McVeigh

Steady-state free precession (SSFP) has recently proven to be
valuable for cardiac imaging due to its high signal-to-noise ratio
and blood-myocardium contrast. Data acquired using ECG-
triggered, segmented sequences during the approach to
steady-state, or return to steady-state after interruption, may
have ghost artifacts due to periodic k-space distortion.
Schemes involving several preparatory RF pulses have been
proposed to restore steady-state, but these consume imaging
time during early systole. Alternatively, the phased-array ghost
elimination (PAGE) method may be used to remove ghost arti-
facts from the first several frames. PAGE was demonstrated for
cardiac cine SSFP imaging with interrupted steady-state using
a simple alpha/2 magnetization preparation and storage
scheme and a spatial tagging preparation. Magn Reson Med
48:1076-1080, 2002. Published 2002 Wiley-Liss, Inc.t
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Steady-state free precession (SSFP) (1) has recently proven
to be valuable for cardiac imaging due to its high signal-
to-noise ratio (SNR) and blood-myocardium contrast. Data
acquired using ECG-triggered, segmented sequences dur-
ing the approach to steady-state, or the return to steady-
state after interruption, and disturbance due to magnetiza-
tion preparation, may have ghost artifacts in the phase
encode direction due to periodic k-space distortion.
Schemes involving several preparatory RF pulses have
been proposed to restore steady-state (2—4). For example,
it is common to run a series of dummy alpha pulses prior
to imaging (4) in order to discard signal acquired during
the transient response, but this consumes imaging time
during early systole, preventing the acquisition of early
systolic cardiac phases. Pulse sequences may be designed
to drive a tissue to steady-state (2,3), but their effectiveness
has not been demonstrated in vivo. Alternatively, the
phased-array ghost elimination (PAGE) (5) method may be
used to remove ghost artifacts from the first several frames.

The interruption of the imaging steady-state may be
necessary for magnetization preparation. For example,
magnetization preparation such as spatial tagging or fat
saturation require an interruption and restoration of the
steady-state in order to be viable within SSFP imaging. For
triggered cardiac cine images using a segmented k-space
SSFP acquisition with interrupted steady-state, data ac-
quired during the initial TRs (cardiac phases) have peri-
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odic variations in amplitude and phase which causes
ghosting in the phase encode dimension. These variations
are reduced for on-resonant species by the alpha/2 prepa-
ration scheme. However, ghosting remains due to off-res-
onance and other sources of error such as the RF excitation
process, among others.

In this work, PAGE is demonstrated as a tool for the
removal of ghosts in the context of cardiac cine SSFP
imaging with interrupted steady-state using a simple al-
pha/2 preparation scheme. High temporal resolution spa-
tial tagging is demonstrated as an example.

MATERIALS AND METHODS
Description and Theory

ECG-triggered cardiac cine images using a segmented k-
space SSFP acquisition with interrupted steady-state were
acquired using alpha/2 preparation pulses to reduce the
transient approach to steady-state. The timing of the typi-
cal pulse sequence is diagrammed in Fig. 1. Optional RF
magnetization preparations include tagging and fat satura-
tion. The alpha/2 preparation pulse is played at time TR/2
before the first imaging alpha pulse and after the last
imaging alpha pulse. Magnetization is effectively “stored”
the along the z-axis by this last pulse, which reduces the
amplitude and phase variations of the echoes when imag-
ing is resumed after the next ECG trigger (6). Despite the
alpha/2 preparation, initial cardiac phases exhibit signifi-
cant ghosting particularly due to off-resonance effects.
This is illustrated by the simulation shown in Fig. 2,
which shows the amplitude and phase of the transverse
magnetization component during the approach to steady-
state for fat which is off-resonant due to chemical shift. In
this example, the first heart beat has been discarded; suc-
ceeding heart beats behave almost identically. Simulations
were based on the method described by Sekihara (7) and
used the same imaging parameters described below. For a
segmented k-space acquisition with four views-per-seg-
ment (VPS), the corresponding periodic k-space distortion
gives rise to four ghosts as illustrated by the point spread
functions (PSF) shown in Fig. 3 for the first eight cardiac
phases. The PSFs were calculated by Fourier transform of
the periodic k-space distortion. The PSF for the desired
image without ghosts is at the center of the plot and 1/2
FOV ghosts are at the edge. The ghosts are largely due to
phase modulation and, therefore, are not symmetric (i.e.,
the 1/4 FOV ghost amplitude does not equal the 3/4 FOV
ghost amplitude). The total signal intensity of the ghosts
decay during steady-state approach and the point spread
function, i.e., the relative intensity of ghosts, is variable as
well. For fat, steady-state is substantially achieved within
several cardiac phases.

PAGE (5) may be used to cancel widely spaced ghosts in
a manner similar to SENSE accelerated imaging (8). In the
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FIG. 1. Timing of pulse sequence for ECG triggered segmented SSFP acquisition with optional magnetization preparation including fat
saturation or spatial tagging. Alpha/2 pulses are played TR/2 from the first and last alpha pulses. In this example, four phase encode lines

from each segment are grouped into a cardiac phase.

PAGE method, the superimposed images (ghosts) may be
separated by phased array combining with appropriate
weights, calculated by the inverse solution. In this appli-
cation, we are considering the periodic variation in k-
space weighting caused by the approach to steady-state.
The superimposed images are weighted by h,(x,y) which
will be referred to as a “point spread function” (PSF), even
though it is understood that it is a function of (x,y) and,
therefore, is actually space variant, due to spatial variation
in tissue T,, T,, and off-resonance effects from chemical
shift and field inhomogeneity

A block diagram of the signal processing steps for arti-
fact cancellation described above is shown in Fig. 4. The
sample images illustrate the case of N, = 4 coils and four
superimposed images spaced D = FOV /4. The individual
component images, separated in this manner, are each
weighted by complex PSF values h,(x,y,t), determined by
the tissue parameters and off-resonance, as well as magne-
tization preparation. Root-sum-of-squares (RSS) magni-
tude combining was used for simplicity. The surface coil
field maps (B,-maps), s;(x,y), required for determining the
phased array combiner coefficients were estimated from
images for the later cardiac phases which were ghost-free.
Ghost-free images were averaged and normalized by the
RSS magnitude to obtain raw complex sensitivities with
image modulus removed.

The inverse solution amplifies the noise, causing a loss
in SNR which is spatially varying. The loss in SNR relative
to the artifact free image is calculated as (5,8):

1
\/(SHRn_lS)(fl)(SHRn_ls)u,n

SNBIDSS = s [1]

where the subscript (1,1) denotes the index of the matrix
(first diagonal element). The spatially varying denomina-
tor of Eq. [1] is also referred to as the g-factor. Estimates of
the g-factor were calculated from the sensitivities, S, and
noise statistics, R,, used in computing the unmixing ma-
trix.

Experimental Parameters

All experiments were conducted using a GE Signa CV/i
1.5 T MR imaging system which was custom-modified for

8-channel operation using a multichannel digital receiver
(9). Breathheld cine imaging of a single short axis slice was
performed using an ECG-triggered, segmented acquisition
of k-space over a number of heartbeats. Images were ac-
quired using a Nova Medical (Wakefield, MA.) 8-element
phased array, consisting of two linear arrays composed of
four nonoverlapped, rectangular coils (21 X 5.25 cm with
long dimension oriented along the superior—inferior direc-
tion), with one array positioned on the chest and the
second array positioned on the back of the subject. Pream-
plifier decoupling was used to reduce mutual inductive
coupling and additional isolation was achieved by capac-
itative nulling of the inductive coupling between adjacent
elements. SSFP imaging was used with the following pa-
rameters: sequential phase-encode ordering, bandwidth
+125 kHz, TE = 1.6 msec, TR = 3.9 msec, 45° RF flip
angle, and 8 mm slice thickness. Data was collected over
approximately 75% of the cardiac cycle. Alpha/2 pulses
(separated by TR/2 as shown in Fig. 1) were used at the
beginning and end of each data collection period to accel-
erate the approach to steady-state and to store the magne-
tization, respectively. Each ECG-triggered imaging experi-
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FIG. 2. Example of simulated approach to steady-state for fat using
ECG triggering and simple alpha/2 preparation scheme, shown for
a single heartbeat (first heartbeat has been discarded).
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FIG. 3. Example of simulated point spread functions for fat illustrat-
ing ghosts during approach to steady-state. Ghosts at =1/4 and
+1/2 FOV fade as the transient response subsides.

ment began with one heartbeat of dummy RF pulses to
achieve approximately the same beat-to-beat initial longi-
tudinal magnetization for imaging. No dummy RF pulses
were used during the imaging heartbeats. Image sets were
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alternately acquired with no further preparation and with
grid tags (7-pixel spacing).

Studies were performed on five normal healthy volun-
teers. This protocol was approved by the Institutional Re-
view Board of the National Heart, Lung, and Blood Insti-
tute. The FOV was typically 320 X 240 mm with an image
matrix of 192 X 96, with corresponding in-plane spatial
resolution approximately 1.7 X 2.5 mm? The 96 phase
encodes were acquired using four views-per-segment (car-
diac phase) during a breathhold period of 24 heartbeats.
This resulted in a temporal resolution of4 X TR = 15.6 ms,
and 46 cardiac phases. The surface coil field maps (B,-
maps) were derived from an average of the last 26 cardiac
phases which were ghost-free.

RESULTS

The first five cardiac phases are shown in Fig. 5 for a
normal volunteer using various reconstructions. The rows
correspond to cardiac phases with the first phase in the top
row. Note that the ghost artifacts are greatest in the initial
phases and disappear as steady-state is reached. The left
column contains conventional RSS magnitude images and
exhibits strong 1/4 and 1/2 FOV ghosts. The phased array
(ghost cancelled) separated component images, desired
image plus 1/4, 1/2, and 3/4 FOV ghosts, with h,, h,, h,,
and h, weightings are in columns 2-5, respectively. The
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FIG. 4. Block diagram of PAGE method applied to interrupted steady-state segmented SSFP.
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FIG. 5. Images comparing conventional image reconstruction with ghosts (left column) and PAGE reconstructed images (right columns) for
ECG triggering segmented SSFP acquisition during initial cardiac phases (no magnetization preparation). The individual separated ghost
image components are shown in columns 2-5. The ghost-cancelled RSS combined magnitude images (excluding h;-weighted images of

column 5) are shown in right the column.

right-most column contains the RSS combined magnitude
ghost cancelled image.

Ghosting of the blood is predominately at 1/2 FOV and
lasts several phases. Chest wall ghosts due to off-resonant
fat are seen at 1/4, 1/2, and 3/4 FOV in the first cardiac
phase and decay rapidly. The distribution of ghost varies
considerably for different subjects and for different shim-
ming.

Images comparing conventional magnitude reconstruc-
tion and ghost cancellation (PAGE) combined magnitude
image for the first cardiac phase are shown in Fig. 6, left
and right columns, respectively. The top row contains
images without additional magnetization preparation; the
bottom row contains images with grid tagging. A high
degree of ghost artifact suppression is achieved. For exam-
ple, the SNR of the LV blood pool artifact at 1/4 FOV for
the first cardiac phase in Fig. 5 was measured to be greater
than 50:1. This artifact is suppressed to the noise level or
below.

PAGE causes a reduction in SNR by the SENSE g-factor.
The g-factors are highly variable across the FOV. In this
example, with specific eight-coil array, coil placement,
and slice orientation, the g-factor was measured to be as
high as 2.6 (worst case in the region-of-interest). This value
is consistent with theoretical predictions for this array,
which has been simulated for a range of parameters in-
cluding FOV and slice orientation. Maximum values for
the g-factor in the region-of-interest ranged from 2.0-3.0
for different subjects and slice orientations. Using the stan-

dard GE product four-coil phased array the worst case
g-factors were measured to be in the range of 4-5, causing
SNR loss and increased sensitivity to B,-map errors due to
ill-conditioning.

DISCUSSION

The SNR penalty using the PAGE method with eight coils
to cancel four ghosts, corresponding to segmented acqui-
sition with four views per segment, is moderate, although
the SNR loss from PAGE is somewhat offset by the fact that
initial phases typically have higher SNR due to regrowth
of the longitudinal magnetization before the ECG trigger.
Nevertheless, even with this reduction in SNR, the first
few cardiac phases have excellent quality. The g-factor-
related SNR loss for applications with a greater number of
ghosts, corresponding to a higher number of views per
segment, would be significantly higher even using eight
receiver coils. An important application for this method is
high temporal resolution analysis of heart function using
tagging, which requires the initial phases following the
tagging pulse. For the ghost-free images in the later cardiac
phases, conventional reconstruction may be used, thereby
avoiding the SNR penalty entirely. In this case, B,;-
weighted phased array combining may be used (with the
same B,-maps used for calculating the unmixing coeffi-
cients) in order to avoid intensity variation between the
PAGE and non-PAGE processed images.
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FIG. 6. Images for first cardiac phase comparing conventional image reconstruction with ghosts (left column) and PAGE-reconstructed
images (right column) for ECG triggering segmented SSFP acquisition with no magnetization preparation (top row) and tagging (bottom

row).

CONCLUSION

We have demonstrated the use of PAGE in removal of
ghost artifacts from SSFP images acquired during the ap-
proach to steady-state. This application is particularly im-
portant for situations requiring interruption of the steady-
state, such as high temporal resolution SSFP imaging with
tagging. Using PAGE with simple alpha/2 RF preparation,
the ghosts are cancelled without resorting to more time-
consuming RF preparation schemes and the initial image
frames immediately after tagging, which would otherwise
be discarded, may now be used.

The PAGE method is limited in the number of ghosts
that can be cancelled due to the loss in SNR incurred due
to ill-conditioning (SENSE g-factor), which depends on the
number and geometry of surface coils. Using eight-coil
reception a practical limit of four ghosts is reached, corre-
sponding to four views-per-segment with a sequential
phase encode order and a net SNR loss of approximately
2:1, including g-factor losses and magnetization regrowth
during the trigger window.
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